Amyotrophic lateral sclerosis (ALS) is a devastating motor neuron degenerative disease whose etiology and pathogenesis remain poorly understood. Most cases of ALS (Ϸ90%) are sporadic (SALS), occurring in the absence of genetic associations. Approximately 20% of familial ALS (FALS) cases are due to known mutations in the copper, zinc superoxide dismutase (SOD1) gene. Molecular evidence for a common pathogenesis of SALS and FALS has remained elusive. Here we use covalent chemical modification to reveal an attribute of spinal cord SOD1 common to both SOD1-linked FALS and SALS, but not present in normal or disease-affected tissues from other neurodegenerative diseases, including Alzheimer's, Parkinson's, and Huntington's diseases and spinal muscular atrophy, a non-ALS motor neuron disease. Biotinylation reveals a 32-kDa, covalently cross-linked SOD1-containing protein species produced not only in FALS caused by SOD1 mutation, but also in SALS. These studies use chemical modification as a novel tool for the detection of a disease-associated biomarker. Our results identify a shared molecular event involving a known target gene and suggest a common step in the pathogenesis between SALS and FALS.
copper, zinc superoxide dismutase ͉ motor neuron ͉ neurodegeneration A myotrophic lateral sclerosis (ALS) pathology and symptoms in copper, zinc superoxide dismutase (SOD1)-linked familial ALS (FALS) patients closely resemble those of sporadic ALS (SALS) patients. In light of the linkage of the SOD1 gene to FALS (1), it has long been speculated that there may be a common molecular basis for both forms of the disease, but no such feature has been identified. A plethora of evidence has demonstrated that mutant SOD1 causes motor neuron death by gain of toxic properties (2, 3) . However, mechanisms of mutant SOD1-mediated toxicity to motor neurons remain elusive. Many studies have investigated the possibility of structural differences in SOD1 caused by mutations as a basis for such toxic effects (4, 5) . Although several common features of mutant SOD1 proteins such as instability, higher sensitivity to denaturing conditions, and propensity to form aggregates are found to be associated with mutant SOD1-linked FALS disease course and severity (6) (7) (8) (9) (10) (11) , no single biochemical feature has been found to be shared by all identified mutant SOD1s, nor has there been a single molecular feature of SOD1 identified to be associated with SALS.
We propose that SOD1 is more conformationally heterogeneous in vivo and that these ''conformers'' are relevant to ALS but difficult to distinguish by conventional biochemical analyses. To reveal such conformational differences especially those intrinsic to minor subspecies of SOD1 we applied a new approach involving biotinylation of accessible lysine residues in proteins, followed by SDS/PAGE and immunoblot analysis for SOD1. Covalent chemical modification of amino acid side groups has the advantage of rapidly proceeding to completion, being readily quenched, and capable of potentially affecting antibody immu-noreactivity (12) . The extent of a chemical modification reaction is strongly affected by the degree of the accessibility of a side group to a modifying agent. This, in turn, is influenced by the overall conformational structure of the protein, thereby providing a basis by which different conformers react differently to a covalent modifying agent (13) . Thus, a conformational difference in a small proportion of molecules or a subtle difference in structure may be magnified. Using this approach, we now provide direct evidence for a common underlying pathogenesis of SALS and FALS through the identification of a unique, crosslinked protein species of SOD1 that is common to both.
Results

A 32-kDa SOD1-Immunoreactive (IR) Protein Species Revealed by
Biotinylation of Spinal Cord Extracts of ALS Patients.
Conventional immunoblotting after protein denaturation under strongly reducing conditions of spinal cord tissue extracts from ALS patients or normal samples revealed only the expected 16-kDa SOD1 polypeptide recognized by an antibody generated to a peptide from human SOD1 ( Fig. 1B, " Ϫ" lanes). After testing 12 commercially available chemical compounds that can modify side-chains of amino acids of lysine, cysteine, aspartic acid, glutamic acid, and arginine [see supporting information (SI) Table 1 ], side-chain modification by covalent reaction with N-hydroxysulfosuccinimide-long chain-biotin (Sulfo-NHS-LC-Biotin), which covalently adds biotin to conformationally accessible lysine side chains ( Fig. 1 A) , revealed a new 32-kDa species in the SOD1-linked FALS sample [from a patient with a dominant alanine to valine mutation in SOD1 at position 4 (SOD1 A4V )], but not a normal sample ( Fig. 1B) . Surprisingly, a similar biotinylation-dependent 32-kDa species was also seen in a SALS sample ( Fig. 1B) .
Further characterization of the biotinylation reaction revealed that the intensity of the 32-kDa species depended on time of incubation (Fig. 1C ), concentration of Sulfo-NHS-LC-Biotin, the amount of the initial extract and incubation temperature ( Fig. 1 D-F) . The reaction was highly SOD1 protein conformation-specific, because substrates containing partial or related structural groups to Sulfo-NHS-LC-Biotin including sulfo-NHS, biotin, long chain (LC)-biotin, iodoacetyl-LC-biotin, NHS-Squarin carboxilate (data not shown), and NHS-digoxigenin. (Fig. 1G ) did not result in ALS-specific change of SOD1 proteins. Maximum intensity of the 32-kDa SOD1 species was reached after 25 min at an optimal temperature of 25°C in the presence of 10 mM biotin. This condition was used in all efforts below.
The 32-kDa SOD1 Adduct Is Common to Both SALS and FALS. To determine whether the appearance of the 32-kDa SOD1-IR species in the initial SALS and SOD1-linked FALS samples after reaction with Sulfo-NHS-LC-Biotin was a general feature of FALS and SALS, a series of spinal cord extracts from 19 SALS and four FALS with mutations in the SOD1 gene were examined. After biotinyation, an increased intensity of the 32-kDa protein species IR to SOD1 antiserum was found in all of the ALS samples ( Fig. 2A ). In 14 of 16 normal samples, this species was absent or at much reduced level, although the expected 16 kDa species representing monomeric SOD1 was found in comparable amounts before and after biotinylation ( Fig. 2 A) . The signal intensities of the 32-kDa species were significantly higher in spinal cord samples from ALS versus normal subjects when determined by either combining FALS and SALS samples ( Fig.  2B ; 118.0 Ϯ 46.5, n ϭ 23 for all ALS and 25.1 Ϯ 34.2, n ϭ 16, for normal; P Ͻ 0.0001) or treating them separately (105.6 Ϯ 37.8, n ϭ 19; P Ͻ 0.0001 for SALS and 176.7 Ϯ 81.0, n ϭ 4; P Ͻ 0.0001 for FALS). Taken together, there is an Ϸ5-fold increase in the 32-kDa signal intensity in all ALS compared with normal control (Fig. 2B ). In addition, when a sample that contains a mutation in another ALS-linked gene, Senetaxin (14) (also known as ALS4), was examined, the 32-kDa signal was also present ( Fig. 2C ).
To further determine the area within the spinal cord that gives rise to this 32-kDa signal, we separated the spinal cord into gray and white matter and analyzed them separately. As shown in Fig.  2D , the 32-kDa signal was exclusively associated with the gray matter where motor neuron, glia, and other cells reside in contrast to the white matter containing different axonal tracks, including the cortical-spinal track. Because these assays compare constant amounts of protein before and after biotinylation, the increased immunoreactivity is likely due to enhanced antigen availability to the antiserum as a result of biotinylation.
SOD1 mutations are also observed in SALS, albeit at a very low frequency (Ͻ5%) (15) (16) (17) (18) . To eliminate the possibility that the 32-kDa signals from some SALS subjects could come from subjects that might harbor SOD1 mutations, the coding sequences were determined for the SOD1 genes from spinal cord autopsy samples from SALS-10, -11, -14, -15, and -17, samples which had signal intensities of the 32 kDa that were comparable to those from FALSs. No SOD1 mutations were found (data not shown) in these five samples ( Fig. 2 A) . Although we cannot rule out that there is no SOD1 mutation in the remaining 14 SALS (we have 19 total, minus 5 sequenced) samples analyzed, the 32-kDa signals from the SALS samples represent a typical population of non-SOD1 mutant-linked SALS, rather than SOD1-linked FALS.
The 32-kDa SOD1 Species Is Specific for Disease-Affected Tissues in ALS but Not Those in Alzheimer's Disease (AD), Parkinson's Disease (PD), Huntington's Disease (HD), and Spinal Muscular Atrophy (SMA).
To understand whether the 32 kDa is unique to ALS pathology as opposed to a reflection of a process derived simply from a prolonged agonal state, we further examined this signal in similar samples from three additional non-ALS neurodegenerative diseases, including AD, PD, and HD. Two spinal cord samples were initially examined from PD subjects. The intensities of the 32-kDa signal were comparable to those from normal subjects and were significantly lower than those from ALS ( Fig. 3B ). As spinal cord is not the primary site of pathology in PD, we also examined affected brain regions in AD, PD, and HD together with the motor cortical area as the common central nervous tissue for all diseases. Hippocampus is one of the areas severely affected in AD. When examined, there was no significant increase of the 32-kDa signal in this brain area compared with the much increased level in ALS spinal cord (P Ͻ 0.0001, Fig. 3 A and D) . Similar results were found for putamen, an affected brain region in both PD and HD ( Fig. 3D , P Ͻ 0.0001 and P Ͻ 0.02, respectively, compared with ALS spinal cord). For the motor cortexes, the intensities of the 32-kDa signal in ALS, AD, PD, and HD were significantly lower when compared with those from ALS spinal cords ( Fig. 3D , P Ͻ 0.001, P Ͻ 0.0001, P Ͻ 0.0001, and P Ͻ 0.001, respectively). Furthermore, the difference in the intensity of the 32-kDa signal in the motor cortex between ALS and AD or PD is also significant ( Fig. 3D , P Ͻ 0.02). This motor cortex value between ALS and HD did not quite reach statistical difference (P ϭ 0.05) because of the large variation and small sample size (n ϭ 4) for HD (Fig. 3D) . The higher level of the 32 kDa in the motor cortex of ALS but not AD or PD is consistent with the known upper motor neuron pathology in ALS, demonstrating the selective pathological role of the 32 kDa in ALS. Lastly, to gain some insight on how widely the 32 kDa might be involved in motor neuron damage in other motor neuron diseases, we examined spinal cord tissues from subjects with Type 1 form of SMA. The 32 kDa was not present in the four SMA spinal cords examined ( Fig. 3C and D, P Ͻ 0.0001). Motor neuron death in Type I SMA differs from that of ALS by the fact that it is a much accelerated process and devoid of aging factors. Together, these data demonstrate that the 32 kDa appears in the pathologic process of age-related motor neuron degeneration such as that in ALS but not involved in pathology of AD, PD, HD, or SMA.
The 32 kDa Is a Modified SOD1 Protein Species. To confirm that the observed 32 kDa is an altered form of SOD1, peptide competition studies were performed. Antigen-specific peptide eliminated reactivity to the 32-kDa (and the 16-kDa SOD1) signal in a dose-dependent manner (Fig. 4) . In contrast, a different peptide from SOD1 had no such effect on the SOD1 immunoreactrivity when used at similar a concentration ( Fig. 4) . To corroborate this conclusion, nanoelectrospray mass spectrometry was used to determine whether the 32 kDa in fact contained SOD1 protein. The gel slice containing the 32 kDa was purified as described (see SI Methods). Peptide sequence analysis based on mass spectra acquired and peptide mapping (see SI Fig. 6 and SI Table 2 , respectively) provided 100% coverage of the human SOD1 protein sequence. These results demonstrate that the 32 kDa does indeed contain the human SOD1 protein.
To further demonstrate that the SDS-resistant 32 kDa is a modified SOD1 molecule in complex with itself or a similarly sized protein (19) , gel filtration and ion exchange chromatography experiments were performed to characterize the protein(s) that gave rise to the 32-kDa species during biotinylation. As expected, under nonreducing, nondenaturing conditions, most SOD1 polypeptides in spinal cord cytosolic proteins were present in dimers that eluted in gel filtration fractions corresponding to Ϸ32-kDa molecular mass, a range similar to the elution position of commercially purified human SOD1 protein ( Fig. 5A Top and Middle) . Biotinylation of gel filtration fractions revealed that the 32-kDa species was observed exclusively in the same molecular mass range ( Fig. 5A Bottom) , demonstrating the substrate for biotinylation behaved as a 32-kDa protein species.
Although biotinylation was required to observe the 32-kDa SOD1 species in spinal cord extracts, it was observable even without biotinylation in muscle extracts from FALS or SALS patients (Fig. 5B ). We exploited this property to determine the native characteristics of this 32-kDa SOD1 species without biotinylation and to eliminate the possibility of noncovalent dimeric SOD1 becoming covalently linked during biotinylation. Cytosolic ALS protein extracts were fractionated before biotinylation by Q-column ion exchange chromatography. The normally folded, non-covalently associated SOD1 dimers bound to the matrix and eluted only at higher ionic strength (Fig. 5B , eluted in fractions 5-7). A small amount of IR SOD1 did not bind to the column. Subsequent immunoblotting after denaturation under reducing conditions revealed that this unbound SOD1 exclusively migrated at a position corresponding to 32 kDa ( Fig.  5 B, fractions 1-3; C Upper, fractions 3-6 ). As before, the immunoreactivity of this 32-kDa species with the anti-peptide SOD1 antibody was markedly enhanced after biotinylation ( Fig.  5C Lower, fractions 2-7) . These findings clearly demonstrate that the 32-kDa protein species is an endogenously modified SOD1 that is covalently linked to another SOD1 polypeptide or to a polypeptide of similar size and that this species has substantially divergent biochemical properties relative to the natural noncovalently linked SOD1 homodimer.
Discussion
One mystery associated with not only ALS, but many other neurodegenerative diseases, is how to reconcile disease mechanisms at the molecular level between involvement of mutations in a few molecules that are responsible for a small percentage of familial forms of the disease and unknown molecules that underlie the majority of the diseases that are of sporadic nature. An assumption frequently made is that there is a common path shared by both familial and sporadic forms of ALS that ultimately leads to a common clinical manifestation of mixed lower and upper motor neuron degeneration. Evidence supporting this view has remained elusive until now. Our study demonstrates at least one component of a shared pathway is an already known molecule linked to ALS: SOD1.
Like other neurodegenerative diseases, ALS has been considered a disease of protein misfolding (20) . Demonstrations that mechanisms of mutant SOD1-mediated toxicity are due to gain of toxic properties (2) suggest that altered conformations of SOD1 proteins because of mutation have different behaviors than the WT SOD1 (SOD1 WT ) protein. This is fully consistent with the more than 110 mutations in the SOD1 molecule linked to ALS (21) for which a normally folded ''WT'' state and a misfolded one linked to toxicity have frequently been found. Our observation of a covalently crosslinked, biotinylation-dependent, SOD1-IR species (32 kDa) within the spinal cord demonstrates that SOD1 exists in at least two Fig. 4 . Antigen-specific peptide eliminates observed immunoreactivity to SOD1 in the 32 kDa. Biotinylation and immunoblot were done as described. Samples used are cytosolic proteins from muscle (SALS-2) and spinal cords (SALS-7 and FALS-4). Peptides were incubated with the primary antibody for 30 min at room temperature in 500 l of 5% milk in PBST before incubation with the membranes. Antigen-specific peptide (DDLGKGGNEESTK) was used at 1 g and 4 g, respectively. Nonspecific peptide (KESNGPVKVWGSIKGGC) was used at 1 g. Fig. 5 . The 32 kDa is a modified SOD1 protein species. (A) The commercial purified hSOD1 protein (Std, 40 g) and SALS spinal cord cytosolic proteins (SALS-4, 300 g) were subjected to gel filtration without biotinylation (ϪBiotin). Molecular mass standards were used during elution, and only the fractions corresponding to Ϸ32-kDa range (between Ϸ45 kDa and 28 kDa, as indicated) were shown in fractions 1-10. Fractions from the SALS-4 samples were further subjected to biotinylation (ϩBiotin). (B) SALS muscle cytosolic proteins (300 g) were applied to the Q-type ion exchange column, and the flow-through (fractions 1-3) and eluted fractions (4 -9) were analyzed. An aliquot of the same sample (total input, 1/30) before the Q-Column is also shown. (C) The Q-column flow-through material was subjected to gel filtrations and analyzed directly (ϪBiotin) or after biotinylation (ϩBiotin). All proteins were separated on SDS/PAGE and immunoanalyzed with the SOD1 antibody.
forms, one of which is disease-associated and common to both FALS and SALS. The increased level of the 32-kDa species in ALS patients must originally come from the normally folded SOD1 WT . Our data demonstrate that an aberrant SOD1 species is present (or associated with) human ALS pathology, suggesting a possible involvement in that pathology. This conclusion extends previous results from in vitro cellular and animal models of ALS indicating that SOD1 WT or its oxidized form can be toxic in ALS disease mechanisms (22) (23) (24) (25) (26) (27) (28) . Interestingly, the WT normal ␣-synuclein proteins, when produced by an additional locus in human, can also cause PD (29) .
Our observation that the 32-kDa species is not present in normal and three non-motor neuron diseases including AD, PD and HD, nor in Type I SMA which involves motor neuron death somewhat different from that in ALS, strongly suggests that the 32 kDa is ALS pathology-related. Compared with the vast majority of SOD1 molecules that are almost certainly irrelevant to disease, the low levels of this disease-specific SOD1-IR species (Ϸ1% of total SOD1) are usually below detection limits, but can be revealed after biotinylation. Thus, although chemical modification has been used to study overall differences in protein conformation, the approach we have used here has uncovered a molecular signature common to both familial and sporadic ALS.
SOD1 IR protein species of molecular weight approximately the size of human SOD1 dimer are reported in refs. 30-32. More recently, studies from transgenic mouse models of FALS have suggested that the intermolecular disulfide-linked SOD1 aggregates are associated with disease toxicity (8, 23) . One study used immunoprecipitation to conclude an apparent SOD1 species of Ϸ35 kDa was a complex between SOD1 and Bcl-2 (19) , albeit our mass spectrometric analysis offered no support for any linkage to Bcl-2, at least in SALS. The covalently crosslinked, partially misfolded species we have identified here is different from these previously proposed complexes. Its identification suggests a common underlying pathogenic mechanism in inherited and sporadic ALS, a finding that carries a substantial implication for design of therapeutic approaches for sporadic disease. Table 3 . Subcellular Fractionation and Biotinylation. Cytosolic proteins from the autopsy samples were prepared as described in ref. 33 . Protein concentrations were measured by using the BCA method (Pierce Chemical, Rockford, IL). Biotinylation reaction, unless indicated otherwise, was performed with a total of 10 g of cytosolic proteins incubated with 10 mM Sulfo-NHS-LC-Biotin (Pierce Chemical) in PBS buffer, pH 7.4, for 25 min at 25°C. The reaction was stopped by adding free lysine-HCl at a final concentration of 20 mM for 20 min at 25°C. Control treatment was carried out in identical procedure except omitting Sulfo-NHS-LC-Biotin in the reaction. Gel Filtration. Sephacryl 300 column (Amersham Biosciences, Piscataway, NJ) was equilibrated with PBS buffer, pH 7.4, containing 150 mM sodium chloride. The protein sample was applied onto the column at a ratio of 60 g of cytosolic proteins per 1 ml of Sephacryl 300. Proteins were eluted under gravity in the same buffer at 4°C, and a volume of 500 l was collected for each fraction. All fractions were dialyzed against deionizated water for 24 h at 4°C followed by lyopholization. Lyopholized samples were resuspended in PBS for biotinylation and/or immunoblot analysis.
Materials and Methods
Column Chromatography. Fast-flow Q Sepharose anion exchange column was equilibrated with 20 mM triethanolamine buffer, pH 7.8. The protein sample was applied onto the column at a ratio of 320 g of cytosolic proteins per 1 ml of Q-Sepharose. Proteins were eluted with the same buffer containing 0, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.35, and 0.4 M NaCl (corresponding to fractions 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10, respectively) at a flow rate of 0.5 ml/min. All fractions were dialyzed against deionized water for 24 h followed by concentration in Speed Vac (Savant, Holbrook, NY) at 25°C to a final volume of Ϸ40 l.
Immunoblot Analysis. Proteins were separated on 12% SDS/PAGE gels and transferred onto PVDF membranes. Membranes were incubated with a rabbit polyclonal anti-SOD1 antiserum (34) followed by an HRP-conjugated anti-rabbit IgG secondary antibody before visualization with ECL plus solution (GE Biosciences, Little Chalfont, U.K.). Protein signals were quantified on Typhoon 9410, using Image Quant program (GE Biosciences).
Analysis of Human SOD1 cDNA Sequence. Sequence analysis of RT-PCR-generated SOD1 cDNAs from the spinal cords of five individuals was performed. Total RNA was extracted by using TRI-Reagent (Sigma-Aldrich, St. Louis, MO). Primers for human SOD1 RT-PCR were synthesized based on GenBank cDNA complete nucleotide sequence (GenBank accession no. AY049787) as follows: forward 5Ј-ATGGCGACGAAGGCCGTGT-GCGTGC-3Ј and reverse 5Ј-TTATTGGGCGATCCCAATTA-CACCACAAGCC-3Ј. The RNA was reverse-transcribed and PCR-amplified by using the ImProm-II Reverse Transcription System and Pfu DNA polymerase (Promega, Madison, WI). Synthesis of SOD1 cDNA and PCR were carried in a PTC-100 programmable thermal controller. The PCR products were purified, the sequencing was performed on both strands, and the sequence was determined at the DNA Analysis Unit of Integrated DNA Technologies (Coralville, IA).
Statistical Analysis. Statistical significance was assessed between groups, using a two-tailed Student's t test. Significance is set at P Ͻ 0.05.
